A cDNA clone, DTJP03, encoding an orphan receptor, was isolated from a canine thyroid library, and found to exhibit 68.6 % amino-acid identity with the recently described human C5a receptor. This relatively low similarity first suggested that DTJP03 encoded either a C5a receptor subtype, or the presumably related C3a receptor. Binding studies performed on membranes from COS-7 cells expressing the recombinant receptor demonstrated that DTJP03 encoded a high-affinity C5a receptor, with a Kd of 1.2 nm. C3a was unable to compete for C5a binding. Intracellular free calcium concentrations were measured by Quin-2 fluorescence assays in Chinese hamster ovary cells stably transfected with the canine C5a receptor. C5a addition elicited an increase in the intracellular calcium concentration. Extracellular EGTA partially prevented this response, suggesting that activation of the C5a receptor promotes both the release of calcium from intracellular stores, and the influx of extracellular calcium. Genes encoding C5a-receptor subtypes were subsequently searched for by PCR in genomic DNA from human, canine, rat and bovine sources. The result was the amplification of a single gene fragment from each species, with about 70 % identity between any two of them. The canine C5a receptor has therefore to be considered as orthologous to the human C5a receptor described previously. The low similarity between C5a receptors from different mammalian species is quite unusual for a G-protein-coupled receptor.
INTRODUCTION
In the course of complement activation, specific cleavage of the C5 component releases the anaphylatoxin C5a, a 74 aminoacid peptide (Fernandez & Hugli, 1978; Hugli, 1981) . Binding of C5a to its specific membrane receptor induces physiological responses in a variety of cell types. In vivo, C5a is a potent mediator of the acute inflammatory response. In vitro, C5a exerts chemotaxis on macrophages and polymorphonuclear leucocytes and is a powerful stimulator of neutrophil function. It induces exocytosis of lysosomal hydrolytic enzymes, enhances production of superoxide radicals, promotes neutrophil leukotriene B4 synthesis, as well as aggregation, adherence and neutrophil margination. In addition, C5a has spasmogenic effects, stimulating smooth muscle contraction, increasing vascular permeability and promoting mast-cell degranulation and histamine release. C5a also induces serotonin release from platelets, enhances interleukin-1 (IL-1) secretion from macrophages and up-regulates surface expression of the complement receptors CR1 and CR3 (for review see Fearon & Wong, 1983; Goldstein, 1988; Franck & Fries, 1991) .
It was known that the C5a receptor belonged to the G-proteincoupled family, but different G-proteins and intracellular pathways seem to be involved in the signal transduction. Most of the effects induced by C5a are mediated through coupling of the C5a receptor to pertussis toxin (PT)-sensitive G-protein(s) (Warner et al., 1987; Nourshargh & Williams, 1990; Rollins et al., 1991) . Some effects are, however, insensitive to PT treatment (Monk & Banks, 1991a,b) . The requirement for extracellular calcium also depends on the assay system (Zimmerli et al., 1990; Dore et al., 1990; Kernen et al., 1991) .
Using degenerate primers corresponding to the conserved transmembrane segments of the G-protein-coupled-receptor superfamily, we have isolated by PCR (Saiki et al., 1988) a series of orphan receptors from either cDNA or genomic DNA Parmentier et al., 1989) . Some of these orphan receptors have since been identified Libert et al., 1991; Parmentier et al., 1992) .
Recently, the cloning of the human C5a receptor was reported Boulay et al., 1991) and sequence comparison revealed a 68.6 % identity with one of our orphan receptors, DTJP03. In this paper we present results confirming that DTJP03 encodes the canine C5a receptor. In the search of potential subtypes, partial clones encoding the canine, human, rat and bovine C5a receptors were amplified by PCR. A single type was obtained for each species, sharing about 70 % identity with one another. This represents a surprisingly high interspecies variability as compared with other G-protein-coupled receptors.
MATERIALS AND METHODS
Cloning and sequencing PCR was performed on 0.15 ,tg of purified cDNA as described previously Parmentier et al., 1989) , and the amplification product was cloned in M 13 vectors for sequencing. JP03, a 600 bp fragment encoding part of an orphan receptor, was used to screen a canine thyroid Agtl 1 cDNA library . The two positive clones were purified to homogeneity and the EcoRI cDNA inserts were subcloned in pBluescript SK + plasmid vector (Stratagene). After subcloning of overlapping restriction fragments in M13mpl8 and 19, the clones were sequenced on both strands by the dideoxynucleotide-chaintermination method (Sanger et al., 1977) , using an automated Numbering is relative to the putative initiation codon which presents a satisfactory sequence context according to Kozak (1989) . The putative transmembrane segments are indicated by roman numerals I to VII. * indicates every tenth amino acid.
Bamhl-XhoI fragment in the eukaryotic expression vector pSVL (Pharmacia). Sequence handling and data analysis were carried out using DNASIS/PROSIS software (Hitachi), LWL85 software (Li & Luo, 1985) and the GCG/VMS software package (Genetic Computer Group, WI, U.S.A.).
Transfections and cel cultures
The pSVL/DTJP03 construct was transfected in COS-7 cells as described previously . Chinese hamster ovary (CHO) CHO-Kl cells were co-transfected with pSVL/DTJP03 and pSV2Neo as described . After 10 days of G418 selection, resistant cells were pooled and stored in liquid nitrogen until needed. COS-7 and CHO-Kl cells were cultured using Dulbecco's modified Eagle's medium and Ham's F12 medium respectively, as described previously . Clonal CHO cell lines were produced by lowdensity-culture seeding and harvesting of individual clones using sterile rings.
Membrane preparations COS-7 cell membranes were prepared 72 h after transfection. CHO-KI cells were prepared using nearly confluent cultures. Membrane preparation was as previously described . Protein content was determined using the Bradford assay (Bradford, 1976 (Li & Luo, 1985 
RESULTS AND DISCUSSION
Numerous discrete bands were obtained in PCR reactions, using cDNA from a canine thyroid Agtll library as target DNA, and degenerate primers corresponding to the conserved regions of the second, third, and seventh transmembrane segmernts of known G-protein-coupled receptors, as described previously Parmentier et al., 1989 (Fig. 1) , having two potential AUG initiation codons (bases 1 and 10). The region surrounding the first AUG is closer to the consensus for initiation sites, as described by Kozak (1989 C5a receptor from four mammalian species, and the related receptors from the G-protein-coupled family The dendrogram was generated by using the GCG Pileup software. Abbreviations: HumC5a, human C5a; BovC5a, bovine C5a; RatC5a, rat C5a; DogC5a, dog C5a; Humfmlp, human fMLP receptor; Humil8hi, human IL-8 high-affinity receptor; Humil8lo, human IL-8 low-affinity receptor; Rdcl, our orphan receptor . calculated relative molecular mass of 39186. The hydropathy profile (Kyte & Doolittle, 1982) Boulay et al., 1991) Fig. 2 , the similarity is of the same order as that observed for the two recently cloned high-and low-affinity interleukin-8 (IL-8) receptors (Holmes et al., 1991; Murphy & Tiffany, 1991) . Given this moderate similarity, our first hypothesis was that DTJP03 encoded a receptor closely related to, but different from the published human CSa receptor. We considered that it could encode either a C5a subtype, or the presumably related C3a receptor as suggested by the similar structure of the two ligands (Greer, 1986) .
In order to assay the binding characteristics of DTJP03, membranes were prepared from transfected COS-7 cells transiently expressing the recombinant receptor. Transfected COS membranes exhibited a high binding capacity for 125I-labelled human CSa (8000 c.p.m.). Over 80 % of the total binding was specifically displaced by a 103-fold excess of unlabelled C5a, a 104-fold excess of unlabelled C3a being without effect (Fig. 3a) . One clone (No. 14) presented a large response to C5a, as compared with that elicited by 10 gM-ATP, used as positive control (Fig. 4a ). This clone was used for further studies. Addition of 1.5 mM-EGTA to the extracellular assay medium modified the calcium fluorescence signal induced by subsequent addition of the agonist (Fig. 4b) (Kojima, 1990; Dore et al., 1990) .
These results clearly demonstrate the DTJP03 is a canine highaffinity C5a receptor that functionally couples to the InsP3-calcium cascade in stably transfected CHO cell lines. Although there is no pharmacological evidence for C5a receptor subtypes, the low degree of similarity between the canine and the human receptors could be indicative of a possible molecular heterogeneity of the CSa receptor. We therefore searched for orthologues of our canine C5a and of the human C5a receptors in four mammalian species: human, dog, rat and cow. A PCRbased approach was used, in which four nucleotide sequences, conserved between the cloned canine and human C5a receptors, were used as primers to amplify related gene fragments from genomic DNA. Like most of the other members of the seven transmembrane G-protein-coupled-receptor superfamily, the C5a receptor lacks introns in its coding sequence. Four moderately degenerate primers corresponding to parts of transmembrane segments II (P1 and P2), VI (P3) and VII (P4) were defined (see the Materials and methods section). Independent PCR reactions were performed, using all four primer combinations (i.e. P1 versus P2; P1 versus P4; P3 versus P2 and P3 versus P4). To allow primer hybridization in the presence of potential mismatches, several annealing temperatures (55°C, 52°C, 50°C, 48°C, and 45°C) were used. Down to 45°C, only one band was visible for each primer combination at the expected size (results not shown). These bands were cloned into the bacteriophage Ml 3mp 18 and 19 vectors and sequences were obtained from five or six clones under each condition. All sequences obtained from canine DNA were identical to DTJP03; likewise all sequences from human genomic DNA were identical to the published human C5a receptor sequence. The bovine and rat sequences were unique as well, regardless of PCR stringency or primer combination. The partial amino-acid sequences obtained from rat and bovine sequences were aligned with the canine and human sequences (Fig. 5) . Similarity between any two sequences was close to 70 %. These results demonstrate that our canine receptor and the reported human C5a receptors effectively represent orthologues.
There remains then the question of the surprisingly low interspecies amino-acid conservation (68.9 + 3.7 %), which is in contrast to the high conservation between other G-proteincoupled receptors, such as the cannabinoid, the thyroid stimulating hormone or the muscarinic receptors. This contrast appears clearly when the evolutionary rates for synonymous changes (k.) and non-synonymous changes (ka) (Li & Luo, 1985) are calculated for the C5a receptors and several other members of the G-protein-coupled-receptor family, as well as the nucleotide and amino-acid identities ( Within this background of high interspecies variability, the similarities between protein sequences could pinpoint functionally important conserved segments or residues, implicated either in ligand-receptor interactions, G-proteincoupling or receptor desensitization. We therefore aligned the C5a receptor sequences with their closest relatives of the Gprotein-coupled family, the human formyl Met-Leu-Phe (fMLP) (Boulay et al., 1990 ) and the two IL-8 receptors (Fig. 5) . The extracellular N-terminal domain is poorly conserved between the canine and human receptors with only 44 % (17/39) identical residues. It has been proposed that the high negative charges of the receptor are important for the interaction with the positively charged ligand, although few of these charges are on the surface of the C5a ligand Mollison et al., 1989) . Within the N-terminal domain of the receptor, only three charged residues are identical in both species, and the same observation prevails for the extracellular loops that are the least conserved parts of the receptor. This poor conservation, together with the absence of species selectivity for the ligand (the canine receptor interacts very efficiently with human C5a), do not give support to the involvement of the extracellular domains in receptor-ligand interactions.
Interestingly, in contrast to the human C5a receptor, the canine receptor does not present potential N-glycosylation sites in its extracellular N-terminus. The conserved Asn-Xaa-Thr sequence is, in the canine sequence, followed by a proline, which has been shown to prevent glycosylation (Pless & Lennarz, 1977; Bause, 1983) . Such differential glycosylation is also observed for the C5a ligand which is glycosylated in human but not in pig (Williamson & Madison, 1990) . The intracellular C-terminus contains numerous serine and threonine residues (10 for canine; 11 for human) that are potential phosphorylation sites for ,BARK-related serine/threonine protein kinases (Benovic et al., 1989) . Another interesting feature of the C-terminus, shared with the bovine NPY (Rimland et al., 1991) , human IL-8, RDC1 , and the human fMLP receptors, is the absence of a cysteine residue, conserved among most G-protein-coupled receptors, thought to serve as a site for palmitoylation (Dohlman et al., 1991) .
Potential phosphorylation sites, conserved in the four species, are present in the third intracellular loop: one for the cyclic AMP-dependent kinases (protein kinase A) (Feramisco et al., 1980; Glass et al., 1986) at residue Thr-237, and three for the protein kinase C (Woodgett et al., 1986) at residues Ser-233, Ser-239 and Thr-242. Conserved residues in the C5a receptors include Phe-136 which replaces the tyrosine residue of the Asp-Arg-Tyr tri-peptide motif (end of TM3) common to most G-proteincoupled receptors.
The transmembrane segments are the most conserved, with 730% identity (119/162); however, the intracellular loops (ICL) are also highly conserved with 70 % (31/44) of identical residues. The lowest identity is observed for ICL2 (58%, 11/19). ICL3 presents up to 870% (13/15) amino-acid identity within the C5a receptor group. The C5a, fMLP and IL-8 receptors share very little similarity within ICL3, despite the coupling of these receptors to a common intracellular pathway, and the involve-ment of ICL3 in G-protein coupling (Dohlman et al., 1991; Bonner, 1992) . Charged residues thought to interact with negative charges of G-proteins (Dohlman et al., 1991) are, however, present in all cases.
As a conclusion, cloning of the C5a receptors in several species along with the characterization of the corresponding ligands should allow a better approach in determining critical amino acids implicated in receptor-ligand interaction, G-protein-coupling and desensitization. It will pinpoint candidate residues for mutagenesis and chimeric constructions, both in the receptors and the ligands. Ultimately, the availability of the cloned receptors should help the design of pharmacologically active (non-peptide) inhibitors that could be used in syndromes were inappropriate complement activation occurs.
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